mariner family transposons are widespread among eukaryotic organisms. These transposons are apparently horizontally transmitted among diverse eukaryotes and can also transpose in vitro in the absence of added cofactors. Here we show that transposons derived from the mariner element Himar1 can efficiently transpose in bacteria in vivo. We have developed simple transposition systems by using minitransposons, made up of short inverted repeats f lanking antibiotic resistance markers. These elements can efficiently transpose after expression of transposase from an appropriate bacterial promoter. We found that transposition of mariner-based elements in Escherichia coli produces diverse insertion mutations in either a targeted plasmid or a chromosomal gene. With Himar1-derived transposons we were able to isolate phage-resistant mutants of both E. coli and Mycobacterium smegmatis. mariner-based transposons will provide valuable tools for mutagenesis and genetic manipulation of bacteria that currently lack well developed genetic systems.
The ability to create random DNA insertions in bacterial chromosomes has been a very powerful technique for discovering new genes, discovering new functions of known genes, and studying protein functions (1) . A number of well characterized, naturally occurring mobile DNA elements have been used to create insertions in bacterial chromosomes. Several transposons have been described that function in Gramnegative bacteria. However, these transposons do not appear functional in many other bacterial species. For example, Tn10, which has been used widely in Escherichia coli, appears to integrate site specifically in Mycobacterium smegmatis (2) . In fact, in mycobacteria, the only transposons that have been found to produce insertion mutations in diverse sites are derived from other mycobacteria (3) (4) (5) (6) . These transposons do not function in all mycobacterial species and currently lack many of the features that have been introduced into other transposons, such as separation of transposase function from the transposon and introduction of cloned genes to create reporter constructs. Transposon mutagenesis may also be complicated by the presence of indigenous transposons that might inhibit transposition, serve as sites for homologous recombination, or transpose in response to the introduction of related elements creating unmarked mutations. A transposon that avoids these problems and functions in any bacterial species would provide a universal tool for genetic studies of several species including many important pathogens.
The genomes of diverse eukaryotic organisms have been found to contain members of the mariner͞Tc1 superfamily of transposable elements (7) (8) (9) . Elements of this superfamily share certain amino acid identities, have similar overall organization, and have similar ''cut-and-paste'' mechanisms of transposition (10) (11) (12) . Comparisons of sequences of mariner͞ Tc1 elements from insects strongly suggest that there has been recent horizontal transmission (10) and, by implication, that a single transposon is capable of function in diverse eukaryotic hosts. This surprising observation suggested that it might be possible to reconstitute transposition in vitro. In vitro transposition has been observed by using two transposases of the mariner͞Tc1 superfamily in the absence of any added host cofactors (11, 12) , a property that has been used to make insertion mutations in naturally competent bacteria (13) . In fact, both mariner-like and Tc1-like elements have been used to transfer markers between insects (14-16), and the mariner element Mos1, originally derived from Drosophila mauritania, has been shown to transpose in Leishmania major (17) .
We reasoned that, with appropriate signals for transposase expression, a transposon derived from a Himar1, a mariner family element isolated from the horn fly Haematobia irritans, would transpose in bacteria. We found that transposition occurs in both E. coli and in mycobacteria. Transposition appears to have little site specificity beyond the known requirement for the dinucleotide TA. We have characterized inactivating mutations in E. coli genes and have also identified a transposon insertion that apparently activates the transcription of a downstream gene. mariner-based transposons should be broadly useful as genetic tools, particularly in bacterial species lacking indigenous transposable elements.
MATERIALS AND METHODS
Plasmids and Strains. E. coli strains DH5␣pir, SM10pir (18) , and BW20767 (19) and M. smegmatis strain mc 2 155 (20) were maintained by standard methods. Plasmids pPR23 (21) and pBMML2S were maintained in E. coli. Bacteriophages, including a virulent phage and mycobacteriophage D29, were maintained by standard methods. Cloning and transformation was performed with standard molecular biology protocols (22) .
Construction of E. coli Transposons. Himar1-based minitransposons were constructed by cloning the Ecl136I fragment containing the kanamycin resistance gene from plasmid pBSL80 (23) into the unique SmaI site in a pMinimariner insertion into an ampicillin resistance gene (24) to create pEMKan. In magellan3, the kanamycin allele was replaced with the kanamycin resistance allele from plasmid TyK (25) by cleavage of pTyK with BamHI and PstI, filling in to create blunt ends, adding MluI linkers, and cloning into MluI-digested pEMKan. The Himar1 transposase was cloned from pET13a͞ mariner (11) by digestion with PstI, filling in to create blunt ends, and digestion with XhoI. The fragment containing the transposase was cloned into pBC KSϩ (Stratagene) which had
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ʈ To whom reprint requests should be addressed. (27) , the primers 5Ј-GCTCTAGAC-CGTCCAGTCTGGCAGGCCGGAACATCGGTCAGCA-GATAGGCTTTACCAGTAAGAAGGAG-3Ј and 5Ј-CGA-ATTCCATATGTATATCTCCTTCTTACTGGTAA-3Ј were annealed, extended with Taq polymerase, digested with XbaI and NdeI, and ligated into pET13a͞mariner, which had also been digested with XbaI and NdeI to create pMM. This was digested with XbaI, and an XbaI-SpeI fragment from pEMKan was cloned to create pMME. A fragment of DNA containing oriR6K␥ was added to the transposon by PCR, amplifying a fragment of plasmid pWM41 (19) with primers 5Ј-AGATCT-CAAACTGGAACAACACTCAACCC-3Ј and 5Ј-TTAATT-AACCCCGAAAAGTGCCACCTGACG-3Ј and cloning the product into the SmaI site of pMME to create pMyr6K. This was digested with XbaI and SpeI, and the fragment containing the transposon and transposase was cloned into XbaI-digested pPR23 to make pMycoMar.
Identification of Insertions in a Target Plasmid. pMML2S, a large plasmid that contains an RP4 origin of transfer, was introduced by electroporation into SM10pir (pMEnt), allowed to recover without antibiotics for 1 h, and then plated on plates containing ampicillin and kanamycin. After overnight incubation, cells were mated with TOP10 by crossstreaking and allowed to conjugate for Ϸ6 h. Cells were then harvested from plates and selected on plates containing streptomycin (to select against donor cells) and kanamycin. Surviving colonies were pooled and plasmid was prepared.
The PCR was performed with a primer that hybridizes within the ampicillin resistance gene (5Ј-CGGGAGGGCTT-ACCATCTGGC-3Ј) and a 6-carboxyfluorescein-labeled version of MarOUT (5Ј-CGGGGACTTATCAGCCAACC-3Ј), which hybridizes to the inverted repeat of the Himar1-derived transposons. PCR products were analyzed on an ABI377 sequencer with GENESCAN software (Applied Biosystems) according to the manufacturer's instructions to obtain a read length of 500 bases.
Selection of Phage-Resistant Transposon Mutants. Plasmid pFD1 was transferred by conjugation from BW20767 (pFD1) into TOP10 by conjugation. Cells were harvested from mating plates and replated on selection plates containing kanamycin and streptomycin that had been top spread with a virulent . Surviving cells were restreaked on Maconkeymaltose plates and scored for the ability to metabolize maltose. Strains that were able to metabolize maltose were analyzed for insertions in the lamB gene by PCR with a primer that hybridizes within the lamB gene (5Ј-GCGGTGAACAACA-GTGTTTCCAGAC-3Ј) and MarOUT. PCR products were analyzed on a 2% agarose gel.
Transposon Mutagenesis of M. smegmatis. Plasmid pMycoMar was introduced into M. smegmatis mc 2 155 by electroporation applying conditions described (21) . After overnight recovery in 7H9 broth at 30°C, cells were plated on LuriaBertani medium plates containing kanamycin at either 30°C (to determine the total number of transformants) or 39°C (to select for insertion mutants). Chromosomal DNA was prepared from individual mutants as described (28) . Transposon insertions were cloned by digesting chromosomal DNA with either BssHII or BamHI, ligating, and transforming DH5␣pir.
RESULTS
In Vivo Transposition in E. coli. To test whether Himar1 transposase could direct transposition in a prokaryotic cell we devised a system to detect transposition between a delivery plasmid and a second target plasmid. We first constructed a vector that contained the transposase, under the transcriptional control of the lac promoter, and the minitransposon magellan3, which contains a gene encoding kanamycin resistance flanked by Himar1-inverted repeats. The resulting delivery plasmid, pMEnt, was introduced by electroporation into a streptomycin-sensitive strain, SM10pir (18) , which expresses the RP4 genes required for mobilization of a plasmid containing an appropriate origin of transfer. A target plasmid, pBMML2S, which contains a transfer origin, was transformed into the same strain, resulting in cells that contain both plasmids (Fig. 1A) . After overnight growth, the target plasmid was transferred into a streptomycin-resistant E. coli strain by conjugation. The transconjugants were selected for growth on kanamycin and streptomycin.
With this protocol we obtained Ϸ10 5 kanamycin-and streptomycin-resistant colonies. To determine the sites of integration of the transposon, we pooled Ϸ10 4 colonies and isolated plasmid DNA. The pooled plasmids were then analyzed by PCR footprinting with a primer that hybridizes within the ampicillin resistance gene and a second fluorescently labeled primer, MarOUT, which hybridizes to the inverted repeat of magellan3. The products were analyzed with a sequencing gel, allowing us to determine the exact sites of insertion within the pool. Because there was no selection for ampicillin, we expected that several sites within the ampicillin resistance gene would be available for transposition. As can be seen in Fig. 1B , within the 500 bp analyzed we found insertions in 21 of 23 possible TA dinucleotide insertion sites. No insertions were identified in other dinucleotides. This result demonstrates that the transposon maintains the same site specificity seen in eukaryotes and in vitro. Beyond the requirement for this dinucleotide, however, we could find no consensus sequence for insertion. There was considerable variation in the fluorescence intensity of products at various sites. This could represent site preference for the transposon, variability of growth rate among the mutants, or, perhaps, preferential amplification of certain insertions in the PCR.
Transposition into the E. coli Chromosome. To create transposon insertions in the E. coli chromosome, we constructed a suicide delivery system ( Fig. 2A) . A Himar1-derived minitransposon that carried a gene encoding resistance to kanamycin and the Himar1 transposase gene under the transcriptional control of the lac promoter were cloned onto plasmid pGP704 (26) . This plasmid contains both an origin of transfer allowing mobilization and the R6K␥ origin of replication and, therefore, depends on the presence of the pir gene for replication. When transferred to a pirϪ host by conjugation, the plasmid fails to replicate and the transposon marker is lost unless transposition occurs. With this system we are able to obtain large libraries of transposon mutants (10 5 - 10 7 ) in E. coli and other Gram-negative bacteria.
FIG. 2. (A) magellan3 insertions in the E. coli lamB gene.
A library of magellan3 insertions in E. coli was constructed by conjugating a suicide vector encoding the mariner transposase and magellan3 into a recipient strain. Mutants that were resistant to lysis with a virulent phage were selected. To map those insertions that were within the lamB gene, individual colonies were selected and PCR was performed with a primer that hybridized within the lamB gene and a primer that hybridized to the inverted repeat of magellan3. (B) PCR products were analyzed on an agarose gel.
FIG. 3.
mariner transposition system for mycobacteria. Plasmid pMycoMar, which encodes the Himar1 transposase and the magellan4 minitransposon, was introduced into M. smegmatis by electroporation. After overnight recovery at 30°C without selection, transformants were plated on medium containing kanamycin and incubated at either 30°C (to determine the total number of transformants) or 39°C (to isolate insertion mutants).
To test whether such a library contains a diversity of insertions, we selected for bacteria that were resistant to infection with a virulent mutant of phage. phage uses the LamB protein, a maltodextrin transporter, as its receptor. Mutants with insertions in either the lamB gene (that retains the ability to metabolize maltose [malϩ]) or the regulatory gene malT (that cannot metabolize maltose [malϪ]) fail to express the receptor and are, therefore, resistant to infection. To obtain such resistant cells, we plated a library of E. coli chromosomal transposon insertions (Ϸ5 ϫ 10 6 colonies) onto plates that were top-spread with virulent phage. Resistant mutants were obtained at a frequency of Ϸ1͞1,000. Of 59 randomly chosen mutants, 37 were malϩ (63%) and 22 (37%) were malϪ. These mutations could represent either several copies of identical insertions or insertions in diverse sites. To map the mutations in the lamB gene, we performed PCR with a primer that hybridized 125 bases from the 5Ј end of the lamB gene and the MarOUT primer on 32 malϩ mutants. Single PCR products were obtained from all but three of the mutants. These three probably represent insertions in the 5Ј end of the gene or in the lamB promoter (i.e., outside the specific interval selected for PCR analysis). The 29 PCR products varied in size (16 representatives are shown in Fig. 2B ), representing insertions distributed throughout most of the lamB gene.
Transposition in Mycobacteria. Our mariner transposition results in E. coli suggested that expression of the transposase and efficient delivery of the DNA encoding the transposon are sufficient conditions for transposon mutagenesis in any bacterial species. To determine whether mariner transposition could be observed in unrelated bacteria, we developed a mariner transposition system for mycobacteria. First, we constructed a new transposon, magellan4, which is identical to magellan3 except for the replacement of the kanamycin resistance gene from Tn903 with the kanamycin resistance gene originally derived from Tn5 and the addition of a 662-bp fragment containing oriR6K␥. Initial attempts to clone this minitransposon into a vector that contained the Himar1 transposase under the transcriptional control of a mycobacterial heat shock promoter were unsuccessful. Because this promoter is also highly active in E. coli, it may be that overexpression of the transposase in the presence of the transposon is toxic. To avoid this problem, we constructed an artificial promoter with a sequence that has been found to produce high-level transcription in mycobacteria but not in E. coli (promoter T6 described by refs. 29 and 30). The T6 promoter͞transposase and magellan4 were cloned into the temperature-sensitive mycobacterial replicon pPR23 (21) to create plasmid pMycoMar (Fig. 3) .
To produce insertion mutants, pMycoMar was introduced into M. smegmatis mc 2 155 (20) by electroporation. Cells were grown overnight in broth at 30°C to allow transposition and then were plated on kanamycin-containing medium at either 30°C (allowing plasmid replication) or 39°C (which is not permissive for plasmid replication). Plates incubated at 39°C contained Ϸ1,000-fold fewer colonies than plates incubated at 30°C. All colonies that survived at 39°C were sensitive to gentamicin, an antibiotic resistance encoded by pMycoMar but not within magellan4, and had, therefore, lost the plasmid. The duplicated TA dinucleotides are indicated by bold letters. Homologous open reading frames were identified and significance (P value) was determined by searching the GenBank database by using the BLAST program (38) .
With this method we obtained Ϸ4,000 independent kanamycin-resistant mutants. Southern blot analysis of 16 randomly chosen colonies showed that each contained a single transposon insertion that produced a unique restriction fragment pattern (data not shown).
Analysis of 13 arbitrarily chosen insertion mutants indicated that mariner transposition in mycobacteria is random. Cloning and sequencing of the insertion junctions revealed that 10 insertions occurred within likely ORFs, most of which were most similar to Mycobacterium tuberculosis genes (the only mycobacterial species for which a complete genome sequence is currently available; Table 1 ). Two insertions occurred in DNA sequences without significant homology to known genes. As found previously, all insertions occurred at TA dinucleotides. Beyond that sequence specificity, however, there was no clear consensus for insertion in this GC-rich organism.
Selection of a Targeted Phenotype in Mycobacteria. If mariner produces random insertions and is of general utility in mycobacteria, it should be possible to select for a specific phenotype conferred by a transposon insertion. We selected a pool of M. smegmatis transposon insertion mutants for resistance to lysis by the virulent mycobacteriophage D29 (32) . We found a single mutant, DR1, from a pool of Ϸ4,000 mutants, that was highly resistant to D29-mediated lysis. Cloning and sequencing of the insertion junction revealed that the insertion was located 164 bp upstream of the 5Ј end of the mpr gene (Fig.  4 ). This gene was previously shown to mediate resistance to phages L5 and D29 when overexpressed (27) . The transposon insertion in strain DR1 is oriented such that the mpr gene is in the same orientation as the magellan4 kanamycin resistance gene. We previously found that insertions in this orientation within Haemophilus influenzae operons allow transcription of downstream genes (unpublished results), suggesting that the magellan4 insertion in strain DR1 probably mediates resistance by overexpression of the mpr gene via the kanamycin resistance gene's promoter.
DISCUSSION
mariner transposons have a remarkable lack of host specificity. They have previously been shown to transpose in distantly related insects (14) (15) (16) , even more distantly related protozoa (17) , and, most recently, vertebrate cells (33) (34) (35) (36) . Here we show that an insect-derived mariner is capable of transposing efficiently across domain boundaries, with activity in quite distantly related Gram-positive and Gram-negative bacteria. Although some elements can transpose in a variety of bacteria (37) , most transposons are restricted in their host range. The determinants of host restriction are largely unknown. Some transposons with well characterized mechanisms interact with specific host proteins that are known to modulate transpositional activity (38) . The presence or absence of such host factors may be partly responsible for host restriction.
An additional factor that may limit transposon host range is site specificity because many transposons either integrate site specifically or have a marked site preference (1). Site specificity can be mediated by transposase binding to the target sequence, interaction with host-or transposon-encoded accessory proteins, DNA supercoiling, or chromosomal structure. The Himar1 transposon has previously been shown to have little site specificity in vitro (11, 24) . We tested for insertional specificity within the ampicillin resistance gene of a high copy number plasmid and found insertions at almost every TA dinucleotide within the analyzed sequence despite the fact the insertion frequency may be lower in this actively transcribed region than in nontranscribed DNA (1) . Similarly, we prepared an E. coli mutant library in the presence of maltose, thus ensuring transcription of the lamB gene, and still saw diverse insertions within the gene. There does appear to be variation in the frequency of insertions into potential sites. This variation may result from transposase specificity or reduced fitness of some mutants. For example, protein fusions in or truncations of some portions of LamB might result in toxicity and, therefore, decreased growth rate.
Transposition of our minitransposon also appears to be random in mycobacteria. There were no recognizable sequence determinants among the 14 insertion junctions sequenced, apart from the required TA dinucleotide. This differs from the mycobacterial transposon Tn53677. Insertion of this transposon results in an 8-bp target duplication. Although there is no consensus sequence for this target, reported sequence targets have been relatively A-T rich (2). Interestingly, when we selected for a specific phenotype in M. smegmatis, we found an insertion that probably results in overexpression of a gene whose overexpression has previously been shown to yield resistance to D29 phage (27) . This suggests that there are likely to be few insertions that will produce phage resistance. This is particularly striking because there are only two TA dinucleotides in the 300 bp 5Ј of the mpr gene and, thus, a small target for transposition.
In experiments not shown, we found that we can create transposon insertion libraries in a variety of Gram-negative bacteria and in Mycobacterium fortuitum and Mycobacterium bovis BCG with Himar1-derived minitransposons. These transposons are particularly valuable because they are small and use short (31 bp) inverted repeats that have allowed us to make both transcriptional and translational reporter constructs (not shown). It seems likely that this transposon will be active in any bacterial strain for which expression signals are known and there is a system for introducing DNA. mariner transposons are likely to provide generally useful mutagenesis tools for a large number of organisms that were previously genetically intractable.
